During macronuclear development the Tetrahymena thermophila ribosomal RNA gene is excised from micronuclear chromosome 1 by site-specific cleavage at chromosome breakage sequence (Cbs) elements, rearranged into a 'palindromic' 21 kb minichromosome and extensively amplified. Gene amplification initiates from origins in the 5 0 nontranscribed spacer, and forks moving toward the center of the palindrome arrest at a developmentally regulated replication fork barrier (RFB). The RFB is inactive during vegetative cell divisions, suggesting a role in the formation or amplification of macronuclear rDNA. Using micronuclear (germline) transformation, we show that the RFB region facilitates Cbs-mediated excision. Deletion of the RFB inhibits chromosome breakage in a sub-population of developing macronuclei and promotes alternative processing by a Cbs-independent mechanism. Remarkably, the RFB region prevents spontaneous breakage of chromosome 1 in the diploid micronucleus. Strains heterozygous for DRFB and wild-type rDNA lose the DRFB allele and distal left arm of chromosome 1 during vegetative propagation. The wild-type chromosome is subsequently fragmented near the rDNA locus, and both homologs are progressively eroded, suggesting that broken micronuclear chromosomes are not 'healed' by telomerase. Deletion of this 363 bp segment effectively creates a fragile site in the micronuclear genome, providing the first evidence for a non-telomere cis-acting determinant that functions to maintain the structural integrity of a mitotic eukaryotic chromosome.
INTRODUCTION
The initiation of DNA replication is precisely regulated to assure that chromosomes are duplicated once and only once per cell division. Eukaryotic genomes contain hundreds to thousands of initiation sites that are relatively evenly spaced throughout chromosomes (1) . The convergence of neighboring replication forks allows for the complete replication of chromosomes. Elongating replication forks can stall when they encounter DNA damage at random sites in the genome. Stalled forks are recognized by the ATR (Ataxia-Telangectasia and Rad3-related) kinase, which activates a checkpoint pathway that prevents the fork from collapsing and initiates the DNA repair response [reviewed in (2) ]. Replication forks can also arrest at specified sites in the genome. Transient pausing of replication forks frequently occurs near coding regions and may help coordinate replication and transcription. Similar to sites of DNA damage, the paused replication machinery resumes DNA synthesis once the impediment has been removed. More pronounced replication fork barriers (RFBs) irreversibly block the movement of the replication fork, and require the activity of a converging fork to replicate sequences downstream of the RFB [reviewed in (3) ].
Natural RFBs occur in both prokaryotes and eukaryotes, and have been shown to coordinate certain events with DNA replication. For example, unidirectional RFBs allow converging forks to enter, but not exit the replication terminus of circular bacterial chromosomes (3, 4) . RFBs in the intergenic regions of tandemly arrayed ribosomal RNA genes prevent head on collisions between the replication and transcription machinery (5) (6) (7) . The contributions of RFBs to chromosome function are offset by the fact that they create hot spots for programmed or spontaneous genome rearrangement. For example, mating type switching in the fission yeast Schizosaccharomyces pombe requires that the mat locus be replicated from forks progressing in one direction (2, 8) . The Saccharomyces cerevisiae ribosomal DNA RFB promotes the The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org excision of monomeric rDNA circles from head-to-tail tandem gene arrays, as well as spontaneous chromosome fragmentation (2, (9) (10) (11) . In addition to generating circular episomes, RFBs in S.cerevisiae rDNA arrays are susceptible to doublestrand breaks (DSBs) in several mutant backgrounds, and specialized proteins help minimize the deleterious effects of RFBs (2, (9) (10) (11) .
Similar to yeast and metazoa, non-coding regions in Tetrahymena thermophila ribosomal RNA genes contain sequences that impede replication fork movement. Replication forks transiently pause at three conserved sequences in the 1.9 kb 5 0 non-transcribed spacer (5 0 NTS) during vegetative cell divisions ( Figure 1A ; PSE1, PSE2 and PSE3), and at a strong RFB during development (12, 13) . The role of fork arrest determinants in Tetrahymena rDNA must differ from those in yeast and metazoan rDNAs for two reasons. First, instead of being arranged in large head-to-tail arrays, the Tetrahymena rRNA genes reside in natural minichromosomes that contain just two gene copies in an inverted, repeated head-to-head configuration ( Figure 1A ). Since replication and transcription proceed in the same direction, head on collisions between the respective DNA and RNA polymerases cannot occur. Replication forks moving toward the Tetrahymena rDNA telomere transiently arrest at conserved pause site elements (PSEs), possibly coordinating replication and transcription during vegetative cell divisions. Second, the Tetrahymena RFB is developmentally regulated, and is only active during the formation of a new macronucleus, when palindromic rDNA minichromosomes are first generated and amplified. rDNA processing and amplification initiate before the onset of transcription of the new macronucleus, and the RFB is silent during vegetative cell divisions. These observations suggest a role for the RFB in the biogenesis and/or amplification of extrachromosomal rDNA.
Tetrahymena thermophila, like all ciliated protozoa, separates its germline and somatic functions into two genetically related, but distinct compartments-the micronucleus and macronucleus [reviewed in (14) ]. The diploid micronucleus is not transcribed throughout most of the life cycle and serves as the source of genetic information that is transferred during conjugation. In contrast, the polyploid macronucleus is actively transcribed, but is not sexually transmitted. The micronucleus contains five chromosomes that segregate by conventional mitosis and meiosis, and produces haploid pronuclei for genetic exchange. Following pronuclear exchange, a new macronucleus forms through the differentiation of a duplicated progeny micronucleus. The genome is subjected to extensive rearrangement at this time, including fragmentation at $300 specific sites, generating acentric chromosomes that endo-replicate to $45 copies.
The 35S ribosomal RNA gene, encoding the 17S, 5.8S and 26S rRNAs, exists as a single integrated copy in micronuclear chromosome 1. During macronuclear development, this 10.3 kb segment is excised from the parental chromosome by site-specific cleavage at conserved 15 bp chromosome breakage sequence (Cbs) elements that flank both ends of the macronuclear-destined rDNA segment (15, 16) . The excised rDNA monomer is then rearranged into a 21 kb inverted repeat, termed the rDNA palindrome, through homologous recombination within a small inverted repeat at the beginning of the 5 0 NTS (17, 18) . Telomeres are added de novo and the rDNA is amplified to $9000 copies in a single S phase (19, 20) . Once development is complete, cell cycle control is re-established and the rDNA is replicated once (on average) per cell division (19, 20) . rDNA monomers of 11 kb are also generated during development, but typically do not persist during prolonged vegetative propagation.
Here we examine the role of the developmentally programmed RFB region in macronuclear rDNA biogenesis and amplification by introducing an RFB deletion derivative into the germline micronucleus of Tetrahymena and following the fate of rDNA minichromosomes in progeny cells. We describe a role for the RFB in the formation of macronuclear rDNA minichromosomes and an unanticipated requirement for these sequences in the germline micronucleus.
MATERIALS AND METHODS

rDNA vectors and germline transformation
The rDNA plasmid AN101 carries a wild-type copy of the micronuclear C3 rDNA locus, and undergoes Cbs-mediated excision and palindrome formation in the developing macronucleus (21) . The C3 rDNA origin confers a replication advantage over endogenous B rDNA during vegetative cell divisions (22) . Plasmid pC3DRFB contains a C3 rDNA origin in which a 363 bp fragment corresponding to the RFB region was deleted (positions 131-494; C3DRFB). Plasmid pTTMN1 is a neomycin phosphotransferase co-transformation vector that confers resistance to paromomycin (pm r ) upon induction of the upstream metallothionein promoter (MTT1) with cadmium (23) . For germline transformation of Tetrahymena, 5 mg of each plasmid was digested with restriction enzymes to release the insert fragment for targeted homologous recombination to the rDNA or MTT1 locus, respectively (AN101:SalI, pC3DRFB:KpnI + SalI, pTTMN1:KpnI + SstI).
Vegetative cultures of the wild-type T.thermophila strains were propagated at 30 C in 2% protease peptone supplemented with 10 mM FeCl 3 (PPYS) and PSF (penicillin 250 mg/ml, streptomycin 250 mg/ml, amphotericin B 25 mg/ml) (24) . Tetrahymena strains used in this study are listed in Table 1 . For conjugant germline transformation, log-phase cultures of strains CU427 and CU428 were harvested and starved in Tris-buffer (10 mM Tris-HCl, pH 7.4 + PSF) for 18 h at 30 C, at a density of 2.5 · 10 5 cells/ml. To induce conjugation, equal numbers of each strain were mixed and incubated at 30 C without shaking. The germline micronucleus was then co-transformed by biolistic bombardment at 4 h 50 min, using the DuPont Biolistic PDS-1000/He particle delivery system (Bio-Rad). PPYS (final concentration 1.8%) and cadmium chloride (1.2 mg/ml) were added to the culture 20-22 h after bombardment (25, 26) . Paromomycin (pm, 60 mg/ml) was added 5-6 h later and cells were plated in 96-well microtiter plates. Pm r progeny were typically observed within 3 days. To assure that transformants were clonal, single cells were isolated from each transformant and re-screened for micronuclear C3 rDNA by PCR (see below).
Standard genetic and A* crosses
Mating of heterozygous germline C3DRFB/B rDNA transformant strains to one another or to wild-type tester strains were performed as described above. Clonal transformant lines Figure 1 . rDNA processing pathway. (A) Organization of the rDNA in the micro-and macronucleus. The gene encoding the 35S precursor RNA for 17S, 5.8S and 26S ribosomal RNAs, exists as a single 'integrated' copy in micronuclear chromosome 1. Macronuclear-destined rDNA sequences are excised from this chromosome in the newly developing macronucleus by cleavage at flanking Cbs elements. The released rDNA monomer is subsequently rearranged into a giant head-to-head 'palindrome' with two inverted copies of the 5 0 NTS at the center and telomeres at each terminus (hatched vertical lines). The 1.9 kb 5 0 NTS (bottom panel) contains positioned nucleosomes that bracket the rRNA promoter and replication initiation sites, the later of which reside within the tandemly reiterated Domain 1 and 2 (D1, D2) regions. These nucleosome-free regions contain conserved cis-acting determinants that regulate replication initiation and fork progression, designated PSEs (PSE1, 2 and 3; vertical black boxes) and type 1 elements (1A-1D; vertical grey boxes). The approximate position of the developmentally regulated RFB is shown. (B) Polymorphisms for micronuclear rDNA allele analysis. Top and lower left panels: enlargement of the micronuclear chromosome 1 region designated as 'X' in panel A (top line), showing the RFB region and a 42 bp sequence that is present in wild-type C3 and C3DRFB alleles, but is absent in the naturally occurring B rDNA allele. The positions of PCR primers that anneal to the respective rDNA species are shown (arrows), along with the predicted sizes of PCR products (table) . Primers 15F and 15R span the 3 0 Cbs element and amplify the micronuclear rDNA species for all three alleles. Lower right panel: PCR analysis of micronuclear rDNA in wild-type C3 (SB1934) and wild-type B (CU427) rDNA strains, and heterozygous micronuclear transformants harboring the C3DRFB and B rDNA alleles (TX607, TX610 and TX611).
were also mated to functionally amicronucleate A* strains (mating types III or V) (27) . Progeny from the first round of conjugation contain DNA from just the transformant parental strain in their new micronucleus and are homozygous at all loci. Since a new macronucleus is not generated at this time, these cells can immediately pair with one another (round 2 genomic exclusion). These progeny will generate a new micronucleus and macronucleus, and consequently will be sexually immature (i.e. unable to form mating pairs for at least 70 fissions). Single pairs from Round 2 matings were isolated between 23 and 25 h post-mating, transferred to 100 ml fresh 2% PPYS and propagated for 3-5 days. Cells were then screened for pm-sensitivity, sexual immaturity and the presence of the C3DRFB allele in progeny micronucleus, using C3-specific PCR primers. This protocol resulted in the generation of new rDNA minichromosomes during macronuclear development and also ensured that new progeny strains were of clonal origin.
PCR amplification and Southern blotting
The complete macronuclear rDNA sequence (28, 29) and flanking micronuclear DNA sequence upstream of the rDNA locus (30, 31) were used to generate restriction maps and design PCR primers for distinguishing the various rDNA alleles (wild-type C3, C3DRFB and wild-type B). Additional flanking sequences were obtained from the Tetrahymena thermophila genome database (TIGR, http://www.tigr.org/). PCR primer sets that were used to monitor the fate of different arms of the five micronuclear chromosomes were kindly provided by Drs Eileen Hamilton and Eduardo Orias (32, 33) . These primer sets encompass sequences that are joined in the micronuclear genome, but are absent or separated in the macronucleus by Cbs-mediated chromosome fragmentation. Genomic DNA isolation and Southern blotting were performed as previously described (34) . Probes A and B ( Figure 1 ) were generated by PCR using primers 7 + 8 and 5 + 6, respectively, and were radiolabeled with [a-32 P]dATP, using the Megaprime TM DNA labeling system (Amersham Life Sciences) according to manufacturer instructions, except that specific primers were used in place of random primers. For pulsed field gel electrophoresis (PFGE), undigested total genomic was electrophoresed on a BioRad CHEFII apparatus on 1% agarose gels in 0.5· TBE buffer (14 C) at 6 V/cm for 20-24 h (initial pulse time ¼ 0.5 s, final pulse time ¼ 3 s).
Fluorescence microscopy
For apofluor staining, a 0.1 ml sample of the conjugating cells was concurrently stained with 0.001% acridine orange and 5 mg/ml Hoechst 33342 (Sigma). After mixing briefly, the stained cells were fixed with 1% formaldehyde (final concentration) and observed immediately with fluorescence microscopy using filters for blue fluorescence as previously described. This combination of dyes allows for the detection of DNA and can be used to evaluate the acidification of non-exchanged pronuclei and the old macronucleus (an indicator of programmed nuclear death during development) (35, 36) .
RESULTS
Isolation of micronuclear rDNA fork barrier deletion mutants
Since the Tetrahymena rDNA RFB is only active in the macronucleus during macronuclear development, we set out to determine whether this region facilitates site-specific rDNA excision, rearrangement (palindrome formation) or amplification of rDNA minichromosomes. To assess the role of the RFB, we introduced a C3 rDNA derivative that was deleted for this region into the germline micronucleus of mating B rDNA strains and examined the fate of the mutant C3 allele in the newly formed macronucleus. All known determinants for rDNA excision and palindrome formation were present in the transforming rDNA fragment (Cbs elements and the M element inverted repeat) (16, 17) . The transgenic C3 rDNA derivative contained a 42 bp sequence proximal to the Domain 2 replication origin that confer a replication advantage over endogenous macronuclear B rDNA during vegetative cell divisions (22) . The C3 allele also harbored a point mutation within the 17S rRNA coding region that confers resistance to paromomycin. Homologous recombination should result the replacement of one B rDNA allele in the diploid micronucleus of transformed progeny.
It was not clear whether the C3DRFB allele would generate a functional macronuclear chromosome. Consequently, we co-transformed the C3DRFB construct with a second linear DNA fragment encoding the neomycin phosphotransferase gene under the control of an inducible metallothionein (MTT1) promoter (neophosphotransferase inactivates pm). Pm-resistant transformants were selected and subjected to allele-specific PCR to identify co-transformants that were heterozygous for the C3DRFB and wild-type B rDNA alleles in the germline micronucleus ( Figure 1B ). Three cotransformants were identified (TX607, TX610, TX611), and single cells were isolated and expanded to assure that each strain was of clonal origin. Heterozygous C3DRFB/B rDNA strains were obtained from three independent transformations, and 18 clonal lines derived from strains TX607, TX610 and TX611 were propagated vegetatively and subjected to detailed molecular analysis. As a control, mating B rDNA strains were transformed with a wild-type C3 rDNA fragment and a germline transformant (TX614) was identified by RFLP analysis of the macronuclear DNA and micronuclear PCR analysis (data not shown). summarizes the relevant micronuclear genotypes and macronuclear phenotypes of wild-type and mutant strains used in this study.
The RFB region is required for proper excision of the rDNA
Since conjugating germline transformants go on to generate a new progeny macronucleus, we examined the fate of macronuclear rDNA minichromosomes in heterozygous progeny. Total genomic DNA was isolated from C3DRFB/B and wild-type C3/B heterozygotes, and homozygous wild-type C3 or B rDNA strains, and digested with EcoRV to distinguish between palindromic (P) and non-palindromic (NP) forms of each macronuclear rDNA species (Figure 2A , schematic; WT: wild-type C3 or B rDNA, DRFB: C3DRFB rDNA). Southern blot analysis was performed with a PCR-generated probe that was common to each predicted macronucleus rDNA species ( Figure 2A , probe B). Macronuclear B (CU428) and C3 rDNA (TX614: wild-type C3 transformant) strains produced a strong 4.4 kb band corresponding to the central fragment of palindromic rDNA minichromosomes (P), and a weaker $2.2 kb band corresponding to monomeric (nonpalindromic, NP) rDNA minichromosomes that are transiently observed in newly formed progeny ( Figure 2B , left panel, lanes 1 and 5) (37) . EcoRV digestion of the C3DRFB allele should generate a 3.6 kb palindromic fragment and 1.8 kb monomeric fragment (1), and wild-type C3 rDNA transformant strain; TX614(1). The position of wild-type B and wild-type C3 rDNA monomers (WT non-pal) and palindromes (WT pal), predicted C3DRFB species (DRFB pal, DRFB non-pal), and unexpected products (C3-long and X) are indicated. The corresponding restriction fragments for expected products are symbol coded (see panel A). TX611(C1) and TX611(C3) are clonal progeny derived from a cross between TX611(1) and amicronucleate strains A* III and A* V, respectively, and have generated a new macronucleus by round II genomic exclusion (see text). Note the presence of the C3DRFB rDNA palindrome in TX611(C1) and absence of this species in its parent, TX611(1). Right panel: Southern blot analysis of genomic DNA with probe B from mating progeny harvested 24 h after mixing strains of opposite mating type. Crosses: TX611(C1) or TX611(C3) were mated with tester strains, CU427 (wild B rDNA in micronucleus) or SB1934 (wild-type C3 rDNA in micronucleus). Control mating: CU427 · SB1934. X indicates rDNA species that were not predicted by conventional processing at the Cbs element upstream of the rDNA 5 0 NTS. (C) The C3-long rDNA species is fragmented at a novel site upstream of the 5 0 Cbs element. Southern blot of XbaI digested genomic DNA hybridized with probe B (left) or probe A (right). Numbers correspond to clonal lines established from each heterozygous C3DRFB/B rDNA germline transformant.
if the mutant allele was correctly excised in the developing macronucleus ( Figure 2A ). Both species were detected in just one of the three C3DRFB transformant strains, for which no macronuclear B rDNA was observed [ Figure 2B , left panel, lane 2: TX607 (1)]. This result is consistent with the rapid loss of macronuclear B rDNA during vegetative propagation of C3/B rDNA heterozygotes (22) , and suggests that properly processed C3DRFB minichromosomes are fully competent for vegetative DNA replication. In contrast, C3DRFB strain TX610 contained just wild-type B rDNA in its macronucleus, while TX611 contained B rDNA and a novel $5.5 kb species, hereafter designated 'C3-long' ( Figure 2B , left panel, lanes 3 and 4; see below for more detailed analysis). The macronuclear composition of TX610 (B rDNA only) is indicative of failed excision of the C3DRFB allele, while the unexpected $5.5 kb EcoRV fragment in TX611 is consistent with alternative DNA processing. The collective results show that the RFB region promotes rDNA excision, but functions stochastically in the developing macronucleus.
To examine the fate of macronuclear rDNA during vegetative cell divisions, clonal lines were propagated for $70 fissions. DNA samples were digested with XbaI to monitor the fate of macronuclear C3 and B rDNA minichromosomes ( Figure 2A micronuclear rDNA schematic), and to further examine the structure of unexpected rDNA species. Consistent with the results from earlier fissions, only C3DRFB palindromes were detected in TX607 (696 bp). No palindromic C3 rDNA minichromosomes were observed in TX610 at 70 fissions ( Figure 2C ). Instead, only B rDNA palindromes (1440 bp) were observed, along with a fragment common to both rDNA alleles (B/C3; 432 bp). No variation was detected between clonal TX607 and TX610 lines. In contrast, while all five TX611 clones retained the C3-long rDNA species, three clones contained palindromic B rDNA as well. Thus, the vegetative C3 rDNA replication advantage (22) is somewhat compromised in C3-long minichromosomes.
The novel XbaI fragment detected with probe B in TX611 was smaller than the B rDNA palindrome rather than larger ( Figure 2C ), while the relative size of EcoRV C3 and B rDNA products was reversed ( Figure 2B ). This observation suggested that the new rDNA species contained sequences upstream of the first XbaI site adjacent to the rDNA 5 0 NTS (Figure 2A , micronuclear rDNA schematic, À905 bp). Southern blot hybridization with the micronuclear-limited rDNA probe A confirmed this prediction ( Figure 2A , micronuclear rDNA schematic; Figure 2C , right panel). We conclude that this new rDNA species was produced by aberrant rDNA processing, and propose that the RFB facilitates the proper excision of the rDNA from its parental chromosome.
PFGE was used to examine the size and organization of the novel rDNA species in TX611. Southern blot analysis of undigested DNA revealed that the C3-long minichromosome is $2 kb larger than the 21 kb wild-type palindrome ( Figure 3A ). To determine if this molecule is palindromic ( Figure 3B , schematic), genomic DNA was digested with NcoI or MluI. The rDNA contains a single site for each enzyme, and there are no sites in the 30 kb interval upstream of the rDNA locus (E. Orias, personal communication). Hybridization with a 5 0 NTS probe detected a 7.3 kb NcoI fragment and 6.4 kb MluI fragment in TX611 DNA samples ( Figure 3C , lanes 5 and 6), consistent with the expectations for palindromic C3DRFB minichromosomes ( Figure 3C , see table for expected fragment lengths). The size of the C3DRFB fragments relative to wild-type controls indicated that mutant rDNA contains an additional 1.6 kb segment.
Taking into account the size of the DRFB deletion (0.37 kb), the upstream rearrangement site would be $1.2 kb upstream of the normal Cbs fragmentation site if the additional C3-long sequences had rearranged into a palindrome ( Figure 3B , giant palindrome/palindromic center). The size of the $5.5 kb band detected in EcoRV digested genomic DNA ( Figure 2B ) is also consistent with a palindromic organization. This band contains the $2 kb palindromic center (micronuclear sequences) and is flanked by $1.8 kb (2172-363 bp) (see also Figure 3) . Alternatively, the breakpoint would be $2.0 kb upstream of the normal excision site if the additional segment was not rearranged ( Figure 3B , giant palindrome/non-palindromic center). XbaI digestion was used to distinguish between these possibilities. A single 1.3 kb species was detected with probe A ( Figure 2C ). The additional 1.7 kb product that would be detected with probe B for a non-palindromic center was not observed. Thus, the additional sequences at the center of C3-long have a palindromic configuration.
Examination of the DNA sequence around the predicted C3-long fragmentation site revealed two segments of partial homology with the Cbs consensus: 5 0 -WAAACCAACCT-CWTW (where W stands for A or T) ( Table 2 ) (33). The distal homology at position À1488 (5 0 -GAAGAGATTTGTTTA, reverse complement 5 0 -TAAACAAATCTCTTC) contains three positions that deviate from the consensus (underlined bases), two of which render the Cbs non-functional when placed in competition with an adjacent wild-type element (38) . The proximal Cbs homology at position À1075 (forward: 5 0 -TATGAGTTGTTTTT, reverse complement: 5 0 -AAAAAC-AAACTCATA) includes two mismatches with the consensus, one of which is known to ablate function. Wild-type palindromes are formed by intramolecular recombination involving inverted, repeated 42 bp segments (M elements) that are separated by a 29 bp non-palindromic spacer (18) . Therefore, we used the M-fold algorithm to look for inverted repeats. Several short repeats were found, 10-12 bp in length, in the proposed region for C3-long palindrome formation (spanning nucleotide positions À1167 to À1030) ( Table 2 ). The tight clustering of three inverted repeats raises the possibility that these sequences act concertedly to promote homologous recombination. We propose that the RFB deletion derivative is fragmented in the vicinity of the clustered inverted repeats, and that these sequences direct the rearrangement of monomeric rDNA into a giant palindrome analogous to endogenous rDNA. Alternatively, chromosome 1 may be broken at one or more sites further upstream and eroded to expose sequences that promote palindrome formation.
Alternative chromosome fragmentation in rDNA replication fork barrier deletion mutants
The stochastic rDNA excision defect associated with the RFB deletion allele precluded us from assessing whether this segment plays a direct role in rDNA gene amplification. For example, population analysis of mass matings involving germline DRFB transformant strains would not be informative if two sub-populations were present, one that failed to excise the DRFB rDNA allele and another that excised the rDNA at normal or alternative site(s). Additional genetic crosses allowed us to verify the role of the RFB region in rDNA excision and gain further insight into alternative processing pathways. We were particularly interested in determining whether normal C3DRFB palindromes could be produced from the C3-long mutant, and whether the aberrant rDNA excision site detected in TX611 was preferentially utilized in subsequent generations.
To this end, we first mated TX611 with A* strains (mating type III or V) to generate new progeny that could be mated to one another and to various tester strains. A* strains lack a functional micronucleus and induce an alternative developmental program, termed genomic exclusion, in which the parental macronucleus is retained and the progeny micronucleus becomes homozygous at all loci (27) . Since no new macronucleus is created, exconjugants are sexually mature (round 1 genomic exclusion) and can re-mate with other cells in the culture. For reasons that are unclear, none of the clonal lines established after the first round of mating contained the genotype predicted for the products of round One possible explanation is that a significant fraction of TX611 cells had lost one or more essential genes from their micronucleus during the vegetative cell divisions required to achieve sexual maturity (minimum of 70 fissions).
To overcome this problem, conjugating TX611 · A* cells were allowed to go through two rounds of mating, the later of which essentially functions as a selfing cross. Paired cells were isolated at 24 h (in all likelihood round 2 mating pairs) and several clonal lines were established. The sexual immaturity of these strains indicated that they had generated a new macronucleus. Southern blot analysis revealed that the C3-long rDNA species was regenerated in the two examined strains, [TX611(C1) and TX611(C3) ( Figure 2B, left panel,  lanes 6 and 7) ]. Furthermore, C3DRFB palindromes were detected in the TX611(C1) macronucleus. The reappearance of C3-long rDNA in both strains indicates that the alternative processing site is preferentially utilized. The formation of C3DRFB palindromes in TX611(C1) demonstrates that the TX611 germline deletion allele can undergo normal excision and palindrome formation. It also implies that rDNA excision occurs after cells have replicated micronuclear chromosome 1 to at least a 4C content (two C3DRFB and two B rDNA alleles) (39, 40) . TX611(C1) and TX611(C3) were grown to sexual maturity and mated with tester strains CU427 (wild-type B rDNA) and SB1934 (wild-type C3 rDNA). DNA was harvested from mass matings late in macronuclear development to assess macronuclear rDNA composition prior to the selection for rDNA fitness during vegetative cell divisions. Since the pair efficiency was 70-80%, most of the rDNA detected by Southern blotting was derived from progeny cells. The C3DRFB long rDNA species was abundantly represented in all four matings ( Figure 2B, right panel, lanes 1-4) . Two of the four matings also generated palindromic DRFB molecules (lanes 1 and 2), as well as fainter bands (designated X) that appear to result from fragmentation at new sites. Palindromic C3DRFB molecules were noticeably absent in the other two mating cell populations. Instead, the larger of the two new rDNA species was much more abundant ( Figure 2B, right panel, lanes 3 and 4) . We conclude that the C3DRFB allele is fragmented at a limited number of new sites, and that these events take place during macronuclear development.
The C3DRFB allele destabilizes chromosome 1 in the germline micronucleus Our initial PCR screen of clonal transformant lines identified strains that were heterozygous for the C3DRFB and B rDNA alleles in the germline micronucleus ( Figure 1B) . Unexpectedly, micronuclear genotyping at $10 passages ($70 fissions) revealed that the C3DRFB allele was lost from the micronucleus in a substantial fraction of these clones [ Figure 4 , early passages (C3 rDNA: primers 2 + 36); TX610 7/13 clones; TX611 6/12 clones; see Figure 1B While not quantitative, PCR analysis indicated that the product derived from the B rDNA allele was diminished and more variable in intensity at the later passages (Figure 4 , B rDNA: primers 2+ 23). In contrast to C3DRFB clones, the wild-type C3 rDNA transformant showed no apparent loss of C3 or B rDNA alleles in the germline micronucleus (Figure 4, TX614) .
To explore the possibility that the micronuclear B rDNA allele was being deleted in heterozygous B/C3DRFB mutants, 15 subclones of TX607(3) were established and screened for micronuclear C3DRFB and B rDNA. All of these lines had lost the germline C3DRFB rDNA copy, while the subclone 15 was missing the B rDNA allele as well [ Figure 5A , C3DRFB (primers 2 + 36) and B rDNA (primers 2 + 23)]. PCR analysis with primers that span the Cbs element at the 3 0 end of the rDNA ( Figure 1A , primers 15F + 15R) revealed that the entire rDNA locus was absent from the micronucleus of line 15 ( Figure 5A ). Additional primer sets derived from the left and right arms of each micronuclear chromosome (1-5L, 1-5R) yielded products in wild-type and mutants strains, with the exception of primer set 1L, which spans a Cbs fragmentation site distal to the rDNA locus on chromosome 1L (32, 33) . A robust product was obtained with wildtype DNA, but no signal was detected for TX607(3) subclone 15 ( Figure 5B ). These results are inconsistent with a local breakage and re-joining event. Instead, they suggest that chromosome 1 was fragmented such that the entire 1L arm distal to the rDNA was lost in this subclone.
The chromosome 1L and 1R arms are unstable during vegetative propagation of the C3DRFB mutant strain TX607(3) subclone 15
The loss of B and C3 rDNA alleles from micronuclear chromosome 1 allowed us to assess whether these chromosome 1 derivatives were stable or subjected to further erosion or rearrangement during vegetative cell divisions. To examine these possibilities, TX607(3) subclone 15 was continually propagated and DNA was isolated at defined intervals: early (E, $70 fissions), late 1 (L1, $150 fissions) and late 2 (L2, $250 fissions). PCR analysis with primer sets that span different Cbs elements in the micronuclear chromosome 1L arm ( Figure 5C, schematic) , revealed the progressive loss of 1L DNA within the entire cell population. For example, primer sets 1L7 and 1L14 (distal and proximal to the rDNA, respectively) failed to generate PCR products at both the early and late 1 time points ( Figure 5C, lower left panel) . The next marker, 1L-5, was present at the early time point and absent in the late 1 population. Only centromere-proximal Cbs markers were stably detected (primer sets 1L6, 1L13 and 1R).
These data suggest that the left arm is progressively eroded. While the relative order of the retained markers is known, their physical distances from 1L-5 have not been established. Additional PCR analysis with distal chromosome 1R markers (1R4, 1R5 and 1R14) failed to generate products at early and late passages, indicating that instability was not restricted to the 1L (rDNA-containing) chromosome arm. The early loss of several 1R markers in this line is consistent with stochastic fragmentation at a centromere-proximal site prior to subcloning.
C3DRFB strains exhibit an abnormal transition from conjugal development to the first vegetative cell division
The C3DRFB allele induces stochastic, progressive deterioration of micronuclear chromosome 1 during vegetative cell divisions, but has no obvious effect on macronuclear rDNA copy number or rRNA expression. To further explore the effect of this mutation on micronuclear chromosome fitness, we propagated heterozygous mutant strains vegetatively and then examined their ability to generate viable progeny by microscopic examination of developmental landmarks. Mating proficiency and macronuclear biogenesis were examined in crosses involving heterozygous mutants [TX607(1), TX610(11) and TX611 (1)]. Whereas these parental strains tested positive for micronuclear C3DRFB and B rDNA alleles immediately prior to use, we anticipated that they contained sub-populations that had lost one or both micronuclear rDNA alleles.
The kinetics of pair formation and separation in matings involving C3DRFB/B mutants and tester strains, SB210 or CU428, were comparable with the wild C3 rDNA transformant [TX614(1)] and with matings between two wild-type tester strains (CU427 · SB1934) ( Figure 6A and data not shown). Cytological examination of wild-type [TX614(1)] or mutant-containing mating pairs with apofluor revealed the expected progression through developmental landmarks ( Figure 6C ; wild-type schematic T ¼ 3-24 h), including the generation of mating partners with four pronuclei ( Figure 6B , micrograph 1), acidification and degradation of the old Figure 4 . Loss of the micronuclear C3DRFB rDNA allele during vegetative propagation. Heterozygous germline transformants (C3DRFB/B or wild-type C3/B) were continually propagated following the establishment of clonal lines (transformant clones 1-13). Expanded clones were serially passaged by transferring $1000 cells into fresh media (1:100 dilution). DNA was isolated at $70 (early) and $150 (late) fissions and subjected to PCR amplification with primers that selectively amplify micronuclear C3 rDNA (wild-type C3 or C3DRFB alleles, primers 2 + 36), or wild-type C3 and B rDNA (primers 2 + 23). Control PCR templates-B: wild-type B rDNA strain (CU428), C: wild-type C3 rDNA strain (SB1934). The micronuclear genotype of clonal TX611 lines could not be unambiguously established due to the potential presence of macronuclear rDNA minichromosomes derived from aberrant rDNA excision (Figures 2 and 3 , C3-long).
parental macronucleus ( Figure 6C, step 2) , pair separation ( Figure 6B, micrograph 2) and formation of the typical exconjugants, which contain two new macronuclei (macronuclear anlagen) and two micronuclei ( Figure 6B , micrograph 5) [reviewed in (14) ]. Since these events are controlled by the parental macronucleus, we expected that the C3DRFB mutation would not disrupt these processes. Occasionally, mating cells with an elevated number of pronuclei were observed in the mutant [ Figure 6B , compare micrographs 1 (4 pronuclei) and 6 (8 or 9 pronuclei)].
Although conjugal events associated with parental micro-and macronuclei were largely unaffected, the ability of exconjugants to propagate was significantly compromised in C3DRFB mutants. This was evident when exconjugants were refed and allowed to complete macronuclear development, at which time they were solely dependent on gene expression from the new progeny macronucleus. When wild-type mating cultures were examined 8 h after re-feeding (32 h post-mating), the vast majority of cells contained two macronuclei and one micronucleus, and had a large cytoplasmic diameter expected for exconjugant progeny ( Figure 6B , micrograph 3, fourth diagram in Figure 6C ). Actively dividing and non-dividing cells with a single large macronucleus and large cytoplasm were also observed ( Figure 6B , micrographs 2 and 4); the latter of which could be new progeny or parental cells that failed to mate. Approximately 10% of the cells from wild-type matings had not yet reabsorbed one of the progeny micronuclei ( Figure 6B, micrograph 5 ). These cells were classified as abnormal due to their temporal developmental delay or arrest [ Figure 6D , WT · TX614(1) graph]. The frequency of abnormal cells in wild-type · C3DRFB/B mutant mating was significantly elevated at the exconjugant stage ( Figure 6D, 40-65% ). Aberrant cells consisted primarily of arrested exconjugants (2 macronuclei and 1 micronucleus) with an extremely small cytoplasm ( Figure 6B , micrographs 7-10). These small cells eventually disappeared from the culture, indicating that the DRFB parental strains are less fertile.
Vegetative cultures derived from crosses involving TX607(1) and CU427 contained a small, but significant percentage of viable cells that had an elevated number of nuclear structures that stained with apofluor or DAPI. These cultures appeared normal at early cell divisions, but progressively worsened over time. Whereas extra nuclei were not observed in primary C3DRFB/B transformants, this cytological phenotype occurred at a high frequency in subsequent generations ( Figure 6E ). These results suggest that essential genes are not transmitted to progeny. Thus, in a sub-population of cells, the deletion of the RFB region initiates a cascade of events that destabilize the wild-type and mutant homologs of chromosome 1 and render the micronucleus insufficient to support normal development in the next generation. Prolonged vegetative propagation of DRFB parental strains (TX610 and TX611) resulted in even more severe defects in development and progeny formation. While virtually all of the TX610 · TX611 mating pairs examined in Figure 6 produced exconjugants, only 10-20% of the mating pairs generated exconjugants in a subsequent mating with older parental strains (data not shown). Instead, cells typically arrested randomly at earlier developmental stages. The reduced viability of exconjugants derived from 'young' RFB deletions strains and diminished fertility of 'older' RFB deletion strains (i.e. fewer exconjugants) is consistent with the progressive deterioration of the micronuclear genome during vegetative cell divisions.
DISCUSSION
The rDNA minichromosome of Tetrahymena thermophila is generated de novo by developmentally programmed excision of the single integrated rDNA gene copy. Origins in the 5 0 NTS repeatedly fire to amplify macronuclear rDNA minichromosomes, and forks moving toward the center of the rDNA palindrome arrest at a strong replication fork barrier. Once development is complete, replication initiates once per cell cycle and forks no longer arrest at the RFB. Our analysis of germline transformants deleted for the RFB revealed that this segment not only acts in cis to promote programmed excision of the rDNA in the developing macronucleus, but is also needed to prevent spontaneous chromosome breakage in the mitotic germline micronucleus. Our ability to uncover and study the fragmentation and progressive degeneration of micronuclear chromosome 1 was possible because the diploid micronucleus of ciliated protozoa is not transcribed during vegetative cell divisions, and consequently is not required for cell viability. The loss of both chromosome 1L arms, for example, would be lethal in conventional eukaryotes that contain a single transcriptionally-active diploid nucleus.
rDNA excision in the developing for macronucleus
The sites for programmed cleavage of chromosomes in the developing Tetrahymena macronucleus share a common 15 bp motif in intervening micronuclear DNA, the Cbs (15). Cbs elements are remarkably conserved and sequence variation is poorly tolerated (15, 32, 41) . Functional studies of clustered Cbs' immediately upstream of the rDNA revealed that these elements dictate the position of site-specific chromosome breakage and telomere addition and that these processes are mechanistically coupled (16) . Our analysis of an rDNA segment encompassing the developmentally regulated RFB indicates that this region promotes excision at the proximal Cbs elements upstream of the rRNA gene. Correct excision is observed in a sub-population of cells, while other cells fail to produce C3 rDNA minichromosomes altogether or utilize an alternative processing pathway. Molecules that are properly excised subsequently rearrange into palindromic minichromosomes that replace endogenous B rDNA during vegetative propagation.
To our surprise cells that failed to properly excise the mutant rDNA allele could still generate macronuclear rDNA minichromosomes. The novel rDNA species that were observed bypassed the proximal Cbs elements entirely and were 'processed' at a limited number of positions, including a preferred site $1.1 kb upstream of the rDNA. Cbs-like sequences were present near the new 'fragmentation sites'; however, they contain mismatches that have been shown to ablate Cbs function when placed in competition with wildtype Cbs elements (38) . Since these alternative processing sites would be in competition with two fully functional Cbs elements at the 5 0 end of the rDNA, we predict that excision occurs by a Cbs-independent mechanism.
The 5 0 end of excised rDNA in the most prominent new macronuclear rDNA species, C3-long, is proximal to three short inverted repeats. These rDNA molecules had rearranged into a palindrome, similar to wild-type minichromosomes. The proximal inverted repeat sequences that were detected in the rearrangement region are not homologous to the M sequence repeat at the center of wild-type rDNA. Previous studies revealed that primary sequence is not important for palindrome formation; only a minimal repeat length of 20 bp is required (18) . We propose that the three 10-12 bp clustered repeats near the C3-long breakpoint are sufficient to promote homology-induced recombination (17) . Finally, in contrast to wild-type C3 minichromosomes (22) or properly processed C3DRFB palindromes, C3-long palindromes failed to outreplicate endogenous B rDNA. The added segment might contain sequences that repress origin activation or could diminish replication efficiency by increasing the distance between origins on opposite sides of the palindrome. In support of the later model, a previous study revealed that mutations that ablate origin function on monomeric circular episomes are fully functional in palindromic minichromosomes (42) . In summary, these studies identify a new genetic determinant for chromosome breakage and uncover alternative sites and possibly mechanisms for chromosome fragmentation and rearrangement.
Deletion of the RFB region induces micronuclear chromosome instability
The most unexpected finding of this work is the discovery that the rDNA RFB promotes chromosome stability in the micronucleus. The Tetrahymena rDNA RFB region is the first example of a cis-acting DNA segment that actively protects a chromosome from spontaneous fragmentation. How this short sequence serves as a safeguard is unknown. One possible mechanism is that the RFB maintains the proper chromatin organization in the micronucleus. Micro-and macronuclear chromatin exhibit many distinguishing features, including the size of the nucleosome repeat length (200 versus 170 bp) (43), post-translational modification of histone subunits [reviewed in (44) ] and biochemical makeup of the linker histone (45) (46) (47) . Since the macronucleus is derived from a micronucleus, the entire genome must be remodeled during macronuclear development. While the RFB region is dispensable for macronuclear rDNA replication, it may be required to utilize the rDNA origin in the micronucleus. Deletion of the RFB could alter origin utilization, replication timing and/or the direction of replication fork movement. We propose that the RFB region acts as a replication fork barrier in both the micronucleus and developing macronucleus, and represents the 'ground state' for chromatin that is remodeled later in development. Previous studies showed that the RFB is active prior to onset of rRNA transcription during development, while transient fork arrest at other sites ( Figure 1A , PSE1-3) does not occur until the chromatin is competent for transcription (13) .
The RFB deletion creates a hot spot for chromosome breakage, analogous to fragile sites in mammalian genomes. In the Tetrahymena case, removal of <400 bp renders chromosome 1 sensitive to breakage. By comparison, 0.6-5.5 kb CGG/CCG repeat expansions pre-dispose the human FRAXA locus to spontaneous breakage [reviewed in (48) ]. Similarly, 10-70 kb expansions of a 33 bp microsatellite sequence promote breakage at another rare fragile site, FRA16B. In contrast to rare fragile sites, common fragile sites in the human genome are devoid of highly repetitive DNA sequence, analogous to the Tetrahymena rDNA locus.
A recent S.pombe study demonstrated that fork arrest at a non-repetitive RFB induces genome instability, including homologous recombination and global chromosome rearrangement (2) . Remarkably, removal of the Tetrahymena rDNA RFB appears to have the same effect. In both instances, activation of the DNA repair response is observed without the apparent involvement of the S phase checkpoint pathway (2) (J. S. Yakisich and G. M. Kapler, unpublished data). In the Tetrahymena case, fragmentation of micronuclear chromosome 1 initiates a cascade of events that not only affect the mutant DRFB chromosome (cis-acting effects), but also compromise the wild-type homolog as well (trans-acting effects). Two different mechanisms can account for most of the observed micronuclear genome instability. In both pathways the deleted RFB region triggers the formation of a DSB in the mutant (DRFB) chromosome [ Figure 7, (a) ]. In the first model, breakage of the mutant chromosome activates a homologous recombination (HR) repair pathway (Figure 7, HR) . A second model proposes that the exposed DSB triggers breakage/fusion/bridge (B/F/B) cycles (Figure 7 , B/F/B pathway).
Fragmentation of wild-type chromosome 1 must be mediated in trans, since this rDNA allele contains an intact RFB region. Consequently, the wild-type and DRFB homologs must interact during mitotic cell cycles. In the HR pathway, a process that requires pairing between homologs, the wild-type allele attempts to repair the fragmented mutant chromosome [ Figure 7, (b) ]. This futile effort generates a DSB in the wildtype chromosome [ Figure 7 (c)] [reviewed in (49) ]. Initial loss of the micronuclear C3DRFB locus and subsequent loss of the B rDNA allele (Figure 4) are consistent with the notion that the fragmented mutant chromosome promotes the loss of the wild-type homolog. In the next step, broken chromosomes are progressively eroded, possibly due to the inability of telomerase to add telomeres de novo onto exposed chromosome ends [ Figure 7, (d) ]. Accordingly, chromosome 1 markers proximal to the rDNA-proximal are lost from the population prior to centromere-proximal markers, a prediction supported by our analysis of numerous clonal lines ( Figure 5C ). The quantitative loss of a given DNA segment within the cell population indicates that fragmentation and subsequent erosion are common events.
In the second pathway broken C3DRFB sister chromatids fuse, generating a dicentric chromosome that initiates B/F/B cycles ( Figure 7 , B/F/B pathway), similar to those observed following the loss of a single telomere (50) . Repeated cycles could lead to the loss of ordered markers on the C3DRFB chromosome; however, random breakage at each cell division would generate enormous heterogeneity within large cell populations. Furthermore, since fusion events are not driven by sequence homology, the wild-type homolog should not be selectively destabilized. Instead of deletions and translocations involving multiple chromosomes, we observed the fragmentation of the wild-type 1L arm, followed by the loss of markers between this breakpoint and the centromere. Finally, since the RFB mutation did not induce the massive global micronuclear genome instability like that associated with the absence of the origin binding protein, TIF1 (34) (T. L. Morrison, P. Sandoval, J. S. Yakisich and G. M. Kapler, unpublished data), the molecular data strongly support a homology-driven mechanism for the loss of the wild-type homolog and progressive erosion of exposed chromosome end.
Neither HR nor B/F/B cycles alone or in combination can account for the loss of the 1R arm [ Figure 7 , (e)]. While, circularization of macronuclear rDNA has been reported in a particular telomerase RNA mutant (51), we have no evidence for circularization of chromosome 1. Instead, the loss of 1R sequences suggests that the two chromosome 1 arms interact at some point. Recombination between repetitive sequences or non-homologous joining of a broken 1L arm with the 1R telomere could be involved.
Whatever the mechanism for chromosome degeneration, it is clear that the broken 1L chromosome is not stabilized. This deficiency may reflect intrinsic properties of Tetrahymena telomerase. Telomerase has been shown to elongate preexisting macro-and micronuclear telomeric tracts in vivo (52, 53) . While de novo telomere addition is a hallmark of macronuclear development, it is temporally and mechanistically coupled to Cbs-mediated cleavage in the developing macronucleus (54) . The efficiency of 'chromosome healing' in the mitotic micronucleus must be low at best, since chromosome 1 sequences were continually lost from entire mutant cell populations.
In conclusion, the Tetrahymena rDNA RFB region promotes programmed site-specific DNA fragmentation of the rDNA locus in the developing macronucleus and safeguards its micronuclear chromosomal counterpart from spontaneous breakage during vegetative cell divisions. The compartmentalization of gene expression and transmission functions into separate nuclei places different demands on the respective chromosomes. The long-term propagation of the species is dependent on the transmission of a full complement of genetic information during conjugation. Thus, the unexpected role of the RFB in the micronucleus must be a strong driving force for the acquisition and retention of these DNA sequences.
